China and the eastern TP. Our reconstructed DecemberFebruary mean temperature shows a close association with the Atlantic Multidecadal Oscillation (AMO) over the past three centuries, with warm (cold) periods coinciding with the positive (negative) phases of the AMO. This persistent relationship suggests that the AMO may have been a key driver of multidecadal winter temperature variations on the southeastern TP.
Introduction
Climate has been changing dramatically since the early twentieth century (IPCC 2013) . Whether recent climate change is unprecedented or still within the range of natural variability is a key scientific question (IPCC 2013; PAGES 2k Network 2013; Tingley and Huybers 2013; Wilson et al. 2016) . Annually resolved, precisely dated tree-rings are crucial in this pursuit, as they provide a long-term background for assessing current climate regimes and a target for verifying climate model simulations (Collins et al. 2002; IPCC 2013) .
Situated in the southeastern Tibetan Plateau (TP), southwestern China, the Hengduan Mountains are one of the earliest places where dendrochronological studies were carried out in China (Wu and Lin 1983; Wu et al. 1988; Wu and Zhao 1991) . During the past decade, tree-ring studies have continued to thrive in this region (e.g., Fan et al. 2008a Fan et al. , b, 2009a Fan et al. , b, 2010 Guo et al. 2009; Fang et al. 2010; Li et al. 2011a Li et al. , b, 2012 Li et al. , 2015 Zhao et al. 2012; Bi et al. 2015) . This is due in large part to unique biological significance as a world biodiversity hotspot (Myers et al. 2000) , abundant forest resources (China Forest Editing Committee 2003) , and high sensitivity to global climate change (Baker and Moseley 2007; 2009b) .
Previous studies revealed that radial tree growth is mainly limited by low temperature at high altitudes and water stress at low altitudes in the Hengduan Mountains (Fan et al. 2009a ). Based on these response patterns, temperature reconstructions have been conducted for warm seasons at a few sites across the southeastern TP (Fan et al. 2009b (Fan et al. , 2010 Li et al. 2011b Li et al. , 2012 Li et al. , 2015 , and for the whole year in the central Hengduan Mountains (Fan et al. 2008a ). Moisture-related reconstructions have been developed in the region as well (Fan et al. 2008b; Fang et al. 2010; Li et al. 2011a, b; 2016; Bi et al. 2015) . However, cold season temperature reconstructions are still scarce (Shao and Fan 1999) , although significant positive responses of tree growth to winter temperature have been found in a few cases (Fan et al. 2008a (Fan et al. , 2009a . Winter chilling damage is one of the major meteorological disasters in southwest China (Xie and Cheng 2004) , and thus cold season temperature reconstructions are particularly crucial for understanding the long-term variability and the potential driving forces behind winter chilling damage. To this end, we present a new tree-ring width chronology of Pinus yunnanensis Franch, a tree species that has been used less frequently for dendroclimatic research, from two high altitude sites in the Hengduan Mountains, southeastern TP. As shown below, the high sensitivity of the P. yunnanensis Franch chronology to winter temperature allows us to develop a reliable reconstruction to perceive regional winter temperature variations during the past three centuries.
Data and methods

Study area and regional climate
The two sampling sites, Dabaoshi [DBS, 27°46′N, 99°47′E, 3390 m above sea level (a.s.l.)] and Luodize (LDZ, 27°48′N, 99°51′E, 3380 m a.s.l.), are located in Shangri-La, northwestern Yunnan province, southwest China (Fig. 1 ). This area forms the hinterland of the Hengduan Mountains on the southeastern TP. The climate of this area is characterized by alternations of the South Asian monsoon in summer and the south branch of the westerlies in winter (Duan 1997) . Meteorological data used in this study are from the Shangri-La meteorological station (27°50′N, 99°42′E, 3276.7 m a.s.l.), which is the closest to the sampling sites (Fig. 1) . Based on the measurements from 1958 to 2014, the annual mean temperature of Shangri-La is 6.0 °C, with the warmest monthly temperature of 13.7 °C in July and the coldest of −2.9 °C in January (Fig. 2) . Annual total precipitation is 628.3 mm. The South Fig. 1 Location of the sampling sites, the Shangri-La, Kunming and Tengchong meteorological stations, and the sampling sites of Fan et al. (2008a) , Li et al. (2011b) , Wang et al. (2014) , and Duan and Zhang (2014) Asian summer monsoon causes the warm and moist rainy season from June to October (Duan 1997) , with precipitation accounting for more than 80 % of the total. The influence of the westerlies causes the dry seasons in this region from November to next May (Duan 1997) . All the observed seasonal temperatures show an increasing trend, with winter temperature having the highest rising rate among all seasons and the minimum temperatures increasing faster than the maximum and mean temperature in each season (Fig. 3) .
Instrumental winter temperatures from Kunming and Tengchong meteorological stations were used to validate the relationship between tree growth and winter temperature over a longer period (Fig. 1) . Kunming and Tengchong meteorological stations have the earliest temperature records in Yunnan province, dating back to 1921 and 1916, respectively (Table S1 ). Wang (1996) interpolated the missing data and built a continuous series for each station. Winter temperature variations in Kunming and Tengchong are similar to and significantly correlated with that of ShangriLa during their common period 1959-2013 (Table S1 ; Fig.  S1 ).
Tree-ring data
Following standard dendrochronological techniques (Cook and Kairiukstis 1990) , we collected tree-ring samples of P. yunnanensis Franch from the DBS and LDZ sites in Shangri-La, southeastern TP ( Fig. 1 ; Table 1 ). All samples were mounted and sanded using standard procedures (Stokes and Smiley 1968) . After being visually cross-dated under microscope, each ring width was measured to a precision of 0.001 mm using a LINTAB 5.0 system. The quality of cross-dating was checked by the COFECHA program (Holmes 1983) . Eventually, 61 cores from 31 trees of DBS and 56 cores from 29 trees of LDZ were used to develop a composite ring-width chronology.
Each raw series of measurements was detrended using the program RCSigFree (http://www.ldeo.columbia.edu/ tree-ring-laboratory/resources/software). Prior to standardization, an initial power transformation was used to reduce heteroscedastic behavior commonly found in tree-rings (Cook and Peters 1997) . Conservative detrending with negative exponential curves or linear regression curves of any slope was applied to detrend all series. Age-dependent spline was also applied as an additional detrending method to assess the ability of tree-rings to track recent temperature trends. Ring-width indices were calculated as residuals between actual ring-width and estimated values, and the robust biweight mean was used to assemble the chronology. We applied the "signal-free" approach to reduce potential trend distortion in tree-ring chronologies (Melvin and Briffa 2008) . The Rbar weighted method was used for variance stabilization (Osborn et al. 1997 ). The mean inter-series correlation (Rbar) and the expressed population signal (EPS) were calculated for 51-year moving windows (Wigley et al. 1984) . We used the EPS with a threshold value of 0.90 to assess the most reliable time span of each chronology.
Methods
The relationship between tree growth and climate was explored using Pearson's correlation coefficient. Kalman filter and 21-year running correlation were applied to further test whether tree growth and climate relationships were time-dependent. Kalman filter was introduced into dendroclimatology to detect time-dependent responses of trees to climate factors because it allows time-dependent regression coefficients for predictors (Visser and Molenaar 1988) . The dominant climate factor of tree growth (prior winter temperature in this study) was reconstructed using a linear regression model (Cook and Kairiukstis 1990) . Leave-one-out cross-validation method was employed to examine the statistical fidelity of the model due to the shortness of the overlapping period between meteorological data and the tree-ring chronology (Michaelsen 1987) . The spatial representativeness of the reconstructed temperature was explored by calculating spatial correlations with the temperature data from 0.5° × 0.5° Climate Research Unit (CRU) TS3.23 grids using the KNMI climate explorer (Trouet and van Oldenborgh 2013; Harris et al. 2014) . The reconstructed temperature series was also compared with other tree-ring based temperature reconstructions in nearby areas to verify its reliability during the past three centuries. Finally, the reconstructed temperature series was compared with the observed and reconstructed Atlantic Multidecadal Oscillation (AMO) indices to explore its driving forces.
Results and discussion
Characteristics of tree-ring chronologies
A 311-year (1703-2013) and a 276-year (1738-2013) ring-width chronology was developed for DBS and LDZ, respectively (Fig. 4a, b) . Comparison between the two chronologies showed that they matched well with each other and had similar statistics (Table 1) . Considering the proximity of the two sites (8.3 km in direct distance) and the high correlation (r = 0.62, p < 0.001) over their common reliable period 1754-2013, we pooled all 117 samples to build a composite chronology (hereafter, DBSLDZ), with a reliable period 1718-2013 based on EPS higher than 0.90 ( Fig. 4c, d ). The mean sensitivity of DBSLDZ was 0.10, a typical value for conifers in humid environments (Fan et al. 2009a ). The absent rings accounted for 0.18 % of the total. The inter-correlation of raw series was 0.56, indicating strong common signals in the samples.
Climate-tree growth relationships
Pearson's correlations were calculated between the composite chronology and climate factors on an 18-month window from prior May to current October for two time periods: 1959 -1992 and 1993 ). The division is identified by visual inspection and iterative correlation analyses (D'Arrigo et al. 2004a) . Climate factors include monthly mean temperature (Tmean), monthly maximum temperature (Tmax), monthly minimum temperature (Tmin), and monthly total precipitation (Pre). During the earlier period 1959-1992, the correlation results showed that winter temperature was the key factor limiting radial tree growth. Tree growth responses to Tmean, Tmax and Tmin have a similar pattern, with the highest correlations in the cold season, especially from previous December to current February (Fig. 5a ). This relationship indicated that winter temperature was the dominant climate factor limiting radial tree growth. The highest correlation was found between DBSLSZ and December−February mean temperature (r = 0.85, p < 0.001). Meanwhile, the influence of precipitation on radial growth was rather weak in this period, with only a marginally significant correlation found in current May. The correlation coefficients of the first difference series showed similar patterns to the raw data during this period (Fig. 5c ). During the latter period 1993-2013, however, the strength of the association between DBSLDZ and cold season temperatures declined sharply, and the response of tree growth to precipitation was weak (Fig. 5b) . The correlations of the first difference series dropped to be insignificant for cold season temperatures, while the correlations with precipitation remained weak (Fig. 5d ). These results suggest that the marginally significant correlations with cold season temperatures during this period were largely due to trend, and prior winter temperature was no longer a controlling factor on tree growth after 1992.
Fig. 4 a-c
We validated the relationship between tree growth and winter temperature further back in time by using two longer instrumental winter temperature series from Kunming and Tengchong meteorological stations on the southeastern TP (Wang 1996) . Winter temperatures recorded at the two stations are coherent with that of Shangri-La during their common period 1959-2013 ( Fig. S1 ; Table S1 ). Our ring-width chronology traced the winter temperature variations of the two stations quite well at both low-and high-frequencies before 1993, with an apparent and persistent discrepancy after 1992 ( Fig. 6 ; Table 2 ). These results provide further support for the stable relationship between tree growth and winter temperature back in time and the unusual nature of their divergence after 1992.
The positive response of tree growth to winter temperature during 1959-1992 could be interpreted in terms of known physiological processes. Under low temperature, ice crystals may form in plant tissues, dehydrating cells and disrupting membranes (Körner 1998; Pallardy 2008) . Frozen soil also inhibits water absorption and results in winter desiccation, damaging needles and buds and reducing trees' potential for future growth (Körner 1998; Pallardy 2008) . Additionally, low temperature and deep snow cover may lead to later and slower initiation of growth in spring (Fritts 1976) , shortening the growing season. In contrast, warm conditions and less physiological injuries are favorable to the synthesization and storage of carbohydrates that could be used for cambium growth of the following year (Gou et al. 2007 ). Similar response patterns have been reported for many tree species in high-latitude or high-altitude regions around the world (D'Arrigo et al. 1997; Pederson et al. 2004; Liang et al. 2006; Gou et al. 2007; Shi et al. 2010; Chen et al. 2012; Shi et al. 2012 ).
In particular, this appears to be a common phenomenon for radial growth of evergreen conifers at high altitude sites in the Hengduan Mountains (Fan et al. 2008a (Fan et al. , 2009a Li et al. 2011b Li et al. , 2012 , and its vicinity such as the western Sichuan Plateau and southeastern Tibet (Shao and Fan 1999; Wu et al. 2006; Wang et al. 2014) . The loss in temperature sensitivity after 1992 could be a manifestation of the so-called "divergence problem" (D'Arrigo et al. 2008; Büntgen et al. 2009 ), which has been widely recognized in tree-rings at high northern latitudes (Jacoby and Darrigo 1995; Briffa et al. 1998; Büntgen et al. 2008) , and may exist at lower latitudes as well (Bräun-ing and Mantwill 2004; Li et al. 2010; Chen et al. 2015) . The divergence has also been noted at several sites on the eastern TP. A loss of temperature sensitivity was found in Abies faxoniana and Cupressus cheniana in Markang after an abrupt warming in 1995, and the cause was attributed to temperature-induced moisture stress . The growth-climate relationships of Abies faxoniana and Picea purpurea at different slope aspects in Songpan changed after the rapid warming since 1980, and soil moisture stress was likely the cause (Guo et al. 2016) . Radial growth of Abies faxoniana showed a time-dependent relationship to climate variations in Wolong, and the combination of sunshine time decline and cloud cover increase was considered to suppress tree growth and cause recent divergence . Moreover, the divergence phenomenon occurred at a few sites in the Hengduan Mountains as well (Fan et al. 2008a; Zhao et al. 2012) , even though at a less extent and not found at all sites (Li et al. , 2015 .
We examined the possible cause of the divergence from several aspects in this study. First, we checked whether the common signals of tree cores decreased after 1992 by calculating a 25-year running Rbar of raw ring-width series and the prewhitened series without any detrending (Fig.  S2a) , and a 25-year running Rbar of ring-width series detrended by two different standardization methods (Fig.  S2b) . The Rbar values did not decrease in recent decades, indicating that the samples still contain strong common signals. We divided all the 117 raw ring-width series into several subsets and compared the variations of their arithmetic mean series visually to check if there is any growth divergence between different sampling sites or age-levels (Büntgen et al. 2009 ). As shown in Fig. S3 , the ring-width variations at different subsets are similar during their common periods, suggesting that tree growth of different tree ages or sites was controlled by common environmental factors. Therefore, the cause of divergence should be a common force that influences all the samples regardless of their microenvironments or ages.
Second, we checked the homogeneity of temperature data from the Shangri-La meteorological station and its representativeness of trees' living environment. The data homogeneity was tested by comparing with the China Homogenized Historical Temperature (CHHT) dataset ) version 1.0 released by the China Meteorological Administration (Li et al. 2009a) , which provides China's most homogeneous surface air temperature series by far (Li et al. 2004) . We found no bias between the two temperature datasets. We also compared the Shangri-La temperature observations with regional atmospheric background station during 2006-2012. The latter is located on top of a hill with a high vegetation coverage and lowdegree influence of human activities while the former is located inside the town ( Fig. S4; Yang 2015) . The comparison revealed that their temperature differences could be explained by lapse rate, thus the Shangri-La records have (Figs. S4, S5 ). All the data showed coherent correlation pattern, with that from the Shangri-La station having the highest and most stable positive correlation with tree growth (Fig. S5) . Therefore, we consider that the meteorological data from the Shangri-La station represents the trees' living environment quite well. Third, we checked whether the divergence resulted from the detrending method. We used the age-dependent spline smoothing for curve fit to build a new chronology, keeping other configurations the same as the original conservative detrending method. The curve fitting and signal-free convergence iteration differences were shown in Fig. S6 . The negative exponential/linear detrending converges with 5 iterations, suggesting an overall less trend distortion than the age-dependent detrending (9 iterations). Comparison of the two chronologies with winter temperature indicated that the trend divergence still exists even if the stiffer agedependent detrending was applied (Fig. S7b) . The disagreement of year-to-year variations between tree-rings and winter temperature after 1992 cannot be resolved by any detrending method as well (Fig. S7c) . These results together indicate that the divergence is not due to a failure of detrending.
Finally, we applied Kalman filter and 21-year running correlation to explore the time-dependent relationships between tree growth and climate. Table S2 shows the results of Kalman filter analysis between DBSLDZ and monthly temperatures and monthly total precipitation. Constant regression coefficient solutions were applied to most of the variables, and the changes in regression coefficients were only found in winter temperature (Fig. S8) . None of the variables showed increasing tendency in regression coefficients. The results of 21-year running correlation also suggested that the stable and significant positive correlations between DBSLDZ and winter temperature weakened after 1992, without any other temperature or precipitation variables exerting a strong influence to the level as pre-1993 winter temperature for both raw series and their first differences (Fig. S9) . Meanwhile, an increase in May-June precipitation sensitivity starting at about the time of the tree ring divergence from winter temperature was noted with the running correlations between the first differenced series (Fig. S9) , suggesting that the early growing season moisture may have become more critical to tree growth. Nonetheless, the evidence for May-June precipitation as the new dominant controlling factor on tree growth is still weak.
In summary, the above analyses indicate that the divergence does exist between tree growth and winter temperature at our sampling sites after 1992, and that this phenomenon was not caused by common causes of divergence such as the inhomogeneity of climatic data, detrending end effect, the aging of trees, and differential response to Tmax and Tmin (D'Arrigo et al. 2008) . As a result, it is hard to pinpoint the exact cause of the divergence in our study area at the current stage of our research. This is partly because the phenomenon occurred over a very short period, and partly because the phenomenon may be produced by several interwoven environmental factors.
However, we noticed that the correlation between the first differences of DBSLDZ and May-June precipitation increased to be significantly positive at the 0.05 level at about the time when the correlation with December-February temperature dropped suddenly (Figs. 7, S9 ). May-June precipitation likely became the new dominant limiting factor of P. yunnanensis Franch growth in the study area when the role of winter temperature dropped due to rapid winter temperature increase. However, this conclusion should be accepted with caution, and further sampling of this species in the region and process-based physiological studies are needed to further test this hypothesis.
December-February mean temperature reconstruction
We reconstructed the December−February mean temperature for the period 1718-2013 using a simple linear regression model based on the calibration period 1959-1992, eliminating the recent 21 years from the calibration modeling. This method has sometimes been used when the divergence problem appeared (Jacoby et al. 2000; D'Arrigo et al. 2004b; Yonenobu and Eckstein 2006) . The reconstruction accounted for 73.0 % of the actual temperature variance during 1959-1992. Leave-one-out cross-validation method was used to examine the statistical fidelity of this model due to the shortness of the calibration period Fig. 7 The 21-year running correlations of DBSLDZ with December-February mean temperature and their first differences, and with May-June precipitation, and their first differences (every point denotes the last year of a 21-year interval). The horizontal dotted line denotes the 95 % confidence level (Michaelsen 1987) . As shown in Table 3 , the correlation coefficient between the actual data and the leave-one-out derived estimates was 0.83 (p < 0.01). The reduction of error (RE = 0.70) was highly positive, and the results of the sign-test and product mean test (Pmt) were also statistically significant, further demonstrating the validity of our regression model (Fritts 1976) .
Comparison of the actual and reconstructed December− February mean temperatures indicated a high consistence until 1992, but the chronology's ability to track temperature variations decreased sharply at both high-and lowfrequencies thereafter (Fig. 8a, b) , and that their residuals remained negative after 1992 (Fig. 8c) . Figure 8d shows the reconstructed December-February mean temperature over the past three centuries. Cold conditions prevailed in 1731-1737, 1754-1769, 1810-1843, 1856-1870, 1903-1919 and 1946-1985 , while warm intervals were found in 1718-1730, 1770-1788, 1871-1890 and 1922-1945 . The mean value of the reconstructed temperature series over 1718-1992 is −2.2 °C, and the standard deviation (SD) is 0.7 °C. Based on the 1718-1992 mean and SD, extremely warm winters (>mean + 1.5SD) included 1719, 1740, 1746, 1784, 1788, 1826, 1845, 1846, 1873, 1931-1933, 1957 and 1991 ; extremely cold winters (<mean − 1.5SD) were 1732, 1733, 1755, 1816, 1817, 1821, 1834, 1836-1840, 1864, 1904, 1905, 1914, 1917, 1962, 1963, 1965 and 1983 . The winters in 1816-1817 and 1982-1983 were apparently the coldest of the past three centuries, likely due to large tropical eruptions of Mt. Tambora in 1815 and Mt. El Chichón in 1982 (Stothers 1984; Dutton and Christy 1992) . In addition, 11 out of the 21 winters after 1992 were identified as extremely warm winters (1999, 2001-2003, 2005, 2006, and 2009-2013) according to observed temperature, which indicated that the most recent two decades, especially the winters after 1998, underwent an unusually persistent warming in the context of the past three centuries (Fig. 8d) .
Spatial representativeness of the temperature reconstruction
Spatial correlations of the instrumental and reconstructed December-February mean temperature series and the temperature data from 0.5° × 0.5° CRU TS3.23 grids over 1959-1992 and 1993-2013 were calculated using the KNMI climate explorer. The results showed that our reconstruction captured large-scale winter temperature variability in southwest China and the eastern TP before 1993 (Fig. 9a, c) . Since then, the significance level of the spatial correlations decreased, eventually reaching statistical insignificance (Fig. 9b, d ).
To verify the reconstruction and to further test the temperature sensitivity of our tree-ring chronology before 1916, we compared the reconstruction with other tree-ring based temperature reconstructions close to our sampling sites (Fig. 1) , including an annual mean temperature reconstruction for the period 1750-2003 using the first principal component of four spruce (Picea brachytyla) ring-width chronologies (Fan et al. 2008a ), a reconstructed summer (June-August) mean temperature series from 1710 to 2005 using two Abies georgei Orr ring-width chronologies (Li et al. 2011b) , an annual mean temperature reconstruction covering the period 984-2009 using ring-width series of Sabina tibetica Kom. (Wang et al. 2014) , and warm season (April-September) mean temperature variations since 1563 using tree-ring maximum late wood density data from Picea likiangensis var. balfouriana (Duan and Zhang 2014) . It should be noted that the reconstruction of Fan et al. (2008a) was based on residual chronologies, chronologies in which low-order persistence has been removed, while the other three chronologies developed by Li et al. (2011b) , Wang et al. (2014) and Duan and Zhang (2014) retained more low-frequency variance due to the use of conservative detrending methods. As shown in Fig. 10 , most of the cold and warm periods matched well with each other, and the correlations were all significant at the 0.01 level. After 1992, tree-ring indices of other chronologies increased along with rising temperatures while our chronology showed an obvious trend discrepancy. These comparisons validate the temperature sensitivity of our chronology before 1916, and indicate that the post-1992 divergence was unusual over the whole reconstruction period. In addition, these reconstructions demonstrate that the period of the 2000s was the warmest over the past three centuries (Fig. S10) , consistent with our result and supportive of our hypothesis that the recent extremely high temperatures induced the divergence. We also noticed that the divergence found in our research was larger than the departures between tree rings and climate records observed at the other sites in the Hengduan Mountains (Fan et al. 2008a (Fan et al. , 2010 Duan and Zhang 2014) . This phenomenon might be related to the unique physiological character of P. yunnanensis Franch, which was most sensitive to winter temperature that experienced most rapid increase in recent decades (Fig. 3) .
Linkage with the AMO
The AMO represents the alternation of warm and cool phases in North Atlantic sea surface temperatures (SSTs) with a periodicity of roughly 70 years (Kerr 2000) . It has a notable linkage with multidecadal climate variability over many regions around the globe, such as the fluctuations of global land surface temperature, precipitation in northeastern Brazil, African Sahel, Europe and North American, and Atlantic hurricanes (Knight et al. 2006; Muller et al. 2013) . The coherent temperature fluctuations in North Atlantic and many parts of China have been revealed from observations, model simulations and millennium-long proxy records (Li and Bates 2007; Wang et al. 2009; Wang et al. 2013 ). According to the observational analysis, a positive relationship between the AMO and land surface air temperature exists in most of China, in particular its western part, and that the influence of the AMO on winter temperature is most significant on the southeastern TP ( Fig. 11a ; Wang et al. 2009 ). To investigate whether the AMO may have influenced winter temperature of the study area over a longer period, we compared our reconstruction with one instrumental and two reconstructed AMO series (Kaplan et al. 1998; Gray et al. 2004; Mann et al. 2009 ).
As shown in Fig. 11b , there is a visual similarity between our reconstruction and the instrumental AMO index at annual to multidecadal timescales during 1856-1992. The correlation between detrended annual series was 0.24, significant at the 0.01 level. The AMO reconstruction of Gray et al. (2004) was developed based on tree-ring records from eastern North America, Europe, Scandinavia, and the Middle East, spanning 1567 -1990 , while Mann et al. (2009 employed a diverse multi-proxy dataset comprising more than one thousand tree-rings, ice cores, corals, sediments, and other assorted proxy records over the past 1500 years. Our reconstruction showed coherent in-phase fluctuations with the two reconstructed AMO series on multidecadal timescales throughout the past three centuries (Fig. 11c, d ). The correlations between these series (both with and without detrending) and their decadal series are all significant at the 0.01 level, as estimated using Monte Carlo simulation tests (Zhou and Zheng 1999) . This finding is consistent with the study of Wang et al. (2014) , however over a different season and a longer period, i.e., the past three centuries. In addition, we compared other temperature reconstructions from nearby regions (i.e., those shown in Fig. 10 ) with the reconstructed AMO series in the time range of our reconstruction, and found that they show consistent multidecadal fluctuations (Fig. S11) . The decadal variations of the reconstructed temperature and AMO series generally correlated significantly at the 0.05 level (Table  S3 ). The correlations between the temperature reconstruction of Fan et al. (2008a) and the AMO series were relatively low, because the former was developed from residual chronologies and contained little multidecadal fluctuations (Table S3 ). Dynamic analysis indicated that when the AMO is in warm phase, negative surface air pressure anomalies will form, extending from the mid-latitude North Atlantic to the middle-latitude Eurasia. The anomalous air circulation weakens the Mongolian high and cold air activity, inducing a warmer winter over East Asia (Li and Bates 2007; Wang et al. 2009; Wang et al. 2013) . Together, these studies suggest that the AMO might have been an important forcing on multidecadal temperature variability on the southeastern TP. Fig. 10 Comparison of the reconstructed December-February mean temperature with four tree-ring based temperature reconstructions in the nearby regions. a The reconstructed December-February mean temperature from this study, b the annual mean temperature reconstruction in the central Hengduan Mountains (Fan et al. 2008a) , c the June-August mean temperature reconstruction in the Baimang Snow Mountains (Li et al. 2011b) , d the annual mean temperature reconstruction on the southeastern TP (Wang et al. 2014) , and e the AprilSeptember mean temperature reconstruction on the southeastern TP (Duan and Zhang 2014) . All series were standardized over their common period 
Conclusion
A 296-year robust tree-ring width chronology of P. yunnanensis Franch was developed from two high altitude sites in Shangri-La, southeastern TP. The chronology was used to reconstruct December−February mean temperature with an explained variance of 73.0 % over the calibration period 1959-1992. The reconstruction revealed that cold conditions prevailed in 1731-1737, 1754-1769, 1810-1843, 1856-1870, 1903-1919, and 1946-1985 , while warm intervals were found in 1718-1730, 1770-1788, 1871-1890, and 1922-1945 . The reconstruction represents large-scale winter temperature variations in southwest China and eastern TP. The AMO was shown to be an important forcing of winter temperature change in southwest China over the past three centuries. The period of 2000-2013 was unusually warm during the past three centuries. However, it should be accepted with caution because of the unresolved divergence problem since 1992. Further sampling of this and other tree species in the area and process-based physiological studies should be carried out in order to fully understand the divergence problem and to predict the response of regional forest ecosystem to global warming.
